ABSTRACT Microsatellites are tandem duplications with a simple motif of one to six bases as the repeat unit. Microsatellites provide an excellent opportunity for developing genetic markers of high utility because the number of repeats is highly polymorphic, and the assay to score microsatellite polymorphisms is quick and reliable because the procedure is based on the polymerase chain reaction (PCR). We have identified 404 microsatellite-containing clones of which 219 were suitable as microsatellite markers. Primers for 151 of these microsatellites were developed and used to detect polymorphisms in DNA samples extracted from the parents of two reference populations and three resource populations. Sixty, 39,46,49, and 61% of the microsatellites exhibited length polymorphisms in the East Lansing reference population, the Compton reference population, resource population No. 1 (developed to identify resistance genes to Marek's disease), resource population No. 2 (developed to identify genes involved in abdominal fat), and resource population No. 3 (developed to identify genes involved in production traits), respectively.
INTRODUCTION
A major goal of agricultural research is to identify genes that control the expression of economically important traits. Most traits of this category display a wide variation in expression and are controlled by numerous genes. In order to identify the genes that are associated with a particular trait, the predominant method uses evenly spaced DNA markers to screen a population that exhibits phenotypic variation for the trait of interest (referred to as a resource population). Analyzing the association of various segregating alleles at any one marker locus with the trait value allows for the identification of regions in the genome, known as quantitative trait loci (QTL), influencing the given trait.
A prerequisite for QTL identification is the existence of a genetic map made up of loci polymorphic in the population that is segregating the QTL alleles in question. The usefulness of the genetic map increases with the number of genetic markers, which leads to greater map saturation and coverage. In the chicken, two autosomal genetic maps have been developed using DNA-based markers. The first map, based on the Compton (C) reference population, employed 100 markers, all of which were placed as restriction fragment length polymorphisms (RFLP); 72 of the markers described 18 linkage groups that contained 585 cM (Bumstead and Palyga, 1992) . The second map, based on the East Lansing (EL) reference population, used 98 markers (8 classical markers, 26 RFLP, 42 random amplified polymorphic DNA (RAPD) markers, and 22 CR1 markers that are based on the chicken CR1 element), of which 72 markers described 19 linkage groups that contained 590 cM (Levin et al, 1994a,b) . Furthermore, a Z chromosome map has been developed using 13 RAPD markers, 2 RFLP, and 1 classical marker, which covers 208 cM . Because the chicken genome consists of 38 pairs of autosomes and a pair of sex chromosomes (Yamashina, 1944) and is estimated to be 2,000 to 3,000 cM in length (Levin et al, 1994b) , the coverage provided by either of the two published genetic maps is incomplete.
The usefulness of the genetic map also increases by having more markers of higher utility. In applying markers from the genetic map, it is desirable that each marker be highly polymorphic, easily and quickly scored, highly reliable, and readily disseminated among laboratories. All the types of genetic markers employed in both published genetic maps are deficient in one or more or these characteristics.
Of the genetic markers being currently employed, microsatellites best fit the description of an ideal genetic marker. Microsatellites have a large number of alleles and, therefore, a high likelihood of being polymorphic in any resource population. Because the detection of microsatellites is based on the polymerase chain reaction (PCR), assays require small amounts of DNA, are easily performed, and are quickly as well as reliably scored. Also, PCR primers are easily shipped or synthesized from the DNA sequence; thus, microsatellite markers are readily exchanged (Beckmann and Soller, 1990) . Finally, automated DNA sequencers have greatly enhanced the ability to score many markers in a short period of time.
Our goal is to increase the map coverage, density, and utility of the chicken genetic map by adding microsatellite markers. In earlier publications (Khatib et al, 1993; Cheng and Crittenden, 1994; Crooijmans et al, 1994) , a number of microsatellites were described and mapped in the EL and C reference families. In the present paper, the number of microsatellite markers characterized and mapped on the EL genetic map is substantially increased, and the utility of these markers in other mapping or resource populations is assessed.
described by Crittenden et al. (1993) . The DNA from the C reference population (Bumstead and Palyga, 1992) , which includes Line 151, Line 151 x Line N Fj, and Line 151 x F 2 BQ progeny was kindly provided by Nat Bumstead (Institute for Animal Health, Compton, Nr. Newbury, Berks, RG16 ONN, U.K.). The DNA from the parents of the RP No. 2, a single male from a Cornish line with low abdominal fat and a single female from a White Rock line with high abdominal fat (Cahaner, 1988) , was isolated as described by Hillel et al. (1989) . The DNA from parents of RP No. 3, a single White Rock male and five Avian Disease and Oncology Laboratory semiinbred Line 0 females, was isolated as described by Khatib et al. (1994) .
RAPD and CR1 Markers
The RAPD markers were analyzed as described by Levin et al. (1994b) . Primer kits were obtained from Operon Technologies.
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Amplification reactions contained 25 or 50 nL and used a PTC-100 Thermal Cycler/ The CR1 markers were analyzed as described by Levin et al. (1994a) . Primers were obtained from the Marshall University Core Facility.
8 Amplification reactions contained 50 |*L and used a PTC-100 Thermal Cycler 7 with an annealing temperature of 42 C.
Microsatellite Markers
Four different libraries were used to isolate microsatellites. All the procedures were essentially as described by Ausubel et al. (1992) . To prepare genomic library No. 1, the restriction enzymes Alul, HaeUl, Mvnl, and Rsal were used separately to digest WL DNA, the 300 to 600 bp fragments were recovered and ligated into the Cheng and Crittenden (1994) . Enriched library No. 2 was prepared essentially as described by Kandpal et al. (1994) . Briefly, WL DNA was sonicated, the ends made blunt with T4 DNA polymerase, and ligated to a 5'-end phosphorylated adapter (21-mer: CTCTTGCTTGAATTCGGACTA and 25-mer: pTAGTCCGAATTCAAGCAAG-AGCACA). 6 The ligation products of 200 to 500 bp in size were amplified by PCR using the 21-mer primer and a 55 C annealing temperature, denatured by heating in a boiling water bath, hybridized to a biotinylated (CA) 15 oligonucleotide, 6 and Vectrex-avidin 10 was added. Successive washes were obtained, concentrated, digested with EcoRI, and ligated into the EcoRI site of pBluescript KS+.
The libraries were screened as described by Cheng and Crittenden (1994) . The probe used was the oligonucleotide (TG) 10 6 for all the libraries except for genomic library No. 2, which was screened with (TG)g, 6 (CAA) 5 , 6 and (GGAT) 4 . 6 Plasmid DNA was isolated from the positive clones using the QIAwell 8 Plasmid Kit.
11 The DNA was sequenced using the Taq DyeDeoxy Terminator Kit   12   and either the KS (CGAGGTCGACGG-TATCG) 6 or P79 (GGTGGCGGCCGCTCT-AG) 6 sequencing primers. The software program Oligo 13 was used to select unique PCR primers for amplification across each microsatellite. Primer pairs 6 were synthesized for each microsatellite with the primer having the lowest melting temperature labeled with either the FAM, HEX, or TET fluorescent dye.
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Polymerase chain reaction conditions were 50 mM KC1,10 mM Tris-HCl (pH 9.0), .1% Triton X-100, 1.5 mM MgClj, 200 pM each deoxynucleoside triphosphate (dNTP) 100 nM each primer, 1 U Taq polymerase, and 50 ng genomic DNA in a final volume of 25 pih. Reactions were initially denatured for 3 min at 94 C, then 30 cycles of 94 C for 1 min, 43 to 57 C for 1 min, and 72 C for 1 min, with a final 5 min elongation step at 72 C in a PTC-100 Thermal Cycler. 7 The maximum number of amplification products were combined that allowed for unambiguous scoring of the PCR products. Two microliters of the PCR product mixture, .5 nL of the ROX 350 internal standard,** and 4 /tL formamide were mixed, denatured by heating to 94 C for 1 min, and 2 jtL loaded onto the ABI373A DNA Sequencer 12 with a 6% polyacrylamide gel. The Genescan 672 software 12 was used to determine the sizes of the PCR products.
Linkage Analysis
Fifty-two BCj progeny from the EL reference population were typed using 273 loci that were polymorphic between the JF and WL alleles. Initially, linkage analysis was performed using the software program Map Manager version 2.6, 14 which employs two-point linkage analysis. Subsequently, the data were reanalyzed using the software program MAPMAKER/EXPis version 3.0 (Lander et ah, 1987) , which uses two-point analysis to identify linkage groups, and three-point and multi-point analysis to define the order of genetic loci. Linkage groups were determined by the results of pair-wise comparisons (two-point analysis) of markers followed by the command "group" with a minimum LOD^^e (log 10 of odds) score of 4.0 for statistical acceptance of linkage, and with a recombination fraction of less than .32. Following this, three-point analyses were performed for each linkage group comparing three consecutive markers at a time. A LOD value of 3.0 was used as the linkage criterion for triples, whereas the multi-point analysis (using the command "order") generated the most likely locus order as well as genetic distances. The stringency level was reduced (i.e., "order" command at LOD 2.0) in a few linkage groups that were difficult to order; linkage groups that are difficult to order are expected when analyzing a reduced number of meiotic events (M. Daly, Whitehead Institute, 9 Cambridge Center, Cambridge, MA 02142, personal communication). Linkage groups with less than six markers were ordered using the command "compare". As new loci were added to the data set, they were placed in the previously ordered linkage groups (frameworks) by using the commands "try" or "place". Map distances in centiMorgans between markers were calculated using the Haldane (1919) function. The MAPMAKER/EXP 3.0 was used to detect putative errors in the data set with a default setting of 1% a priori probability of error . Data points with a LOD error > 1 were rechecked, and data entries that were found to be incorrect were either corrected, considered as correct, or entered as missing data.
RESULTS AND DISCUSSION

RAPD and CR1 Markers
14
The Map Manager program and a user manual can be obtained free-of-charge from Kenneth Manly, Roswell Park Cancer Institute, Buffalo, NY 14623.
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The MAPMAKER program and a user manual can be obtained free-of-charge from Eric Lander, Whitehead Institute, Cambridge, MA 02142.
After the submission of our original genetic map employing the EL reference population (Levin et ah, 1994b) , additional RAPD and CR1 markers (Levin et ah, 1994a) were added. Table 1 gives information on our additional 11 RAPD markers that were Table 2 identifies new primers derived from the CR1 element and Table 3 gives information on an additional 24 CR1 markers that were mapped. As shown in Tables 1 and 3 ,10 of 11 RAPD markers and 23 of 24 CR1 markers were placed in linkage groups demonstrating the high level of coverage of our current genetic map. The distribution and polymorphisms of these markers were in agreement with observations reported previously (Levin et ah, 1993 (Levin et ah, , 1994a . Although RAPD and CR1 markers are less widely useful in other populations, they are valuable in linking the microsatellites into an overall genetic map with a high level of saturation (see below).
Microsatellite Markers
A useful genetic map will rrunimally require a potentially polymorphic marker every 10 to 20 cM. In the case of the chicken, this will mean that the genetic map will require a minimum of 150 to 300 highutility markers, evenly distributed on the genome. However, a considerably larger number of random microsatellite markers must be mapped in order to be able to select those markers that are reasonably spaced. Furthermore, not all markers will be polymorphic in any given population of interest. Finally, cloned microsatellite sequences do not always contain adequate single-copy flanking sequence to generate usable primers or the repeat region itself may not be long enough to be widely polymorphic. Thus, many more microsatellite clones must be isolated to generate the desired map.
In chickens, (TG) n -containing microsatellites are substantially less frequent than in mammalian species. As shown in Table 4 , two different random genomic libraries have been prepared. In genomic library No. 1, the insert size was 200 to 500 bp and .1% of the clones contained a (TG) n microsatellite. In genomic library No. 2, where the range of insert size was wider at 100 to 800 bp and a less stringent hybridization screen was used, .4% of the clones contained a (TG) n microsatellite. Thus, approximately every 200 kb of the chicken genome contains a (TG) n microsatellite, as compared to genomes of the human, rat, and mouse, in which a (TG) n microsatellite is found every 28 kb or less (Stallings et ah, 1991) . Moran (1993) noticed a similar deficiency of dinucleotide repeats in chickens when compared to pigs. Also, the number of repeats in chicken (TG) n microsatellites that we initially identified was -10 on average, which is considerably fewer than the corresponding number of repeats found in mammalian species (Beckmann and Weber, 1992 ). An interesting observation is that the frequency of (CAA) n microsatellites is .3% in genomic library No. 2, which is comparable to the .4% occurrence of (TG) n microsatellites.
To overcome these difficulties, it is desirable to have a library enriched for microsatellites. In a previous publication (Cheng and Crittenden, 1994) , the development of a library enriched for microsatel- Table 4 ). Unfortunately, enriched ibrary No. 1 demonstrated a severe representational bias, which reduced the number of unique clones to .7%, and the average number of TG repeats per microsatellite was smaller at approximately eight. To overcome these problems, a second microsatellite-enriched library (enriched library No. 2) was generated as described in Materials and Methods. As shown in Table 4 , 10% of the clones in enriched library No. 2 contained a (TG) n microsatellite, a 25-to 100-fold enrichment of (TG) n microsatellites over the two genomic libraries. Furthermore, the average number of TG repeats per microsatellite is -14, which yields more than 3 additional TG repeats per microsatellite when compared to the genomic libraries.
From the four libraries, over 400 clones were sequenced. From the sequence data, 219 new microsatellites were identified that generally contained 9 or more TG repeats and for which PCR primer pairs could be developed. Of the 404 clones sequenced from enriched library No. 2, 195 (48%) clones were judged to be suitable for microsatellite marker development. It was previously shown (Cheng and Crittenden, 1994 ) that microsatellites containing 9 or more repeats are highly polymorphic and, thus, 10% or 39 clones were rejected because they contained less than 9 TG repeats. Additional reasons for rejecting the remaining clones included insufficient sequence information to develop PCR primers (13% or 53 clones), or a microsatellite sequence that was previously identified (4% or 17 clones). However, the major reason for rejecting a clone (25% or 100 clones) was that the DNA fragment contained many small, imperfect (TG) n microsatellites scattered in a 100 to 250 bp region, which we call TG islands. It is presently unclear whether the prevalence of TG islands is an artifact of the cloning and enrichment procedure. However, if these TG islands are as prevalent in the genome as these results suggest, then it would be interesting to determine the biological relevance of their existence.
Primers were synthesized using sequence information from 7 clones in genomic library No. Table 5 gives information on the microsatellite sequence found in each clone, the sequence of the PCR primers, the optimal annealing temperature for PCR, and the size of the PCR product using WL as the template DNA. During the synthesis of the PCR primers, some efforts were made to have an equal distribution of PCR size products for each of the three fluorescent dyes used to label the primers.
Each primer pair was employed in PCR reactions using the parents of five different populations (EL reference population, C reference population, RP No. 1, RP No. 2, and RP No. 3) as template. The results of this screen are shown in Table 6 . Most of the PCR products contained a single band that could be clearly resolved and sized. Unfortunately, a significant percentage (e.g., 16 primers or 10.5% in the EL population) gave either no PCR product or many products that could not be clearly scored. Of the 151 microsatellites, 91, 59, 70, 74, and 93 were clearly polymorphic between the parents of EL, C, RP No. 1, RP No. 2, and RP No. 3, respectively. Table 6 also shows the number of different alleles for each microsatellite marker that was observed among these five populations ranged from 1 to 10 with an average of 4.3 alleles per microsatellite.
To map the 91 polymorphic microsatellites, 52 BCi progeny from the EL reference population were individually genotyped. Eighty-six of the microsatellites could be clearly scored and were subsequently placed on the East Lansing genetic map. Table 6 indicates in which linkage group each microsatellite marker can be found. In scoring the microsatellite alleles in the WL and JF parents, it was observed that generally the JF allele was smaller than the WL allele. Of the 132 markers in which both alleles could be accurately sized, 15 alleles were much larger (> 11 bp) in WL than JF, and 55 alleles were slightly larger (1 to 10 bp) in WL than JF. In contrast, only 4 alleles were much larger (> 11 bp) in JF than WL, and 19 alleles were slight larger (1 to 10 bp) in JF than WL. Thirty-nine alleles were of the same size in both WL and JF. The significance of this observation, if any, is not clear.
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ker, there is about a 66% chance that it could be applied to any given population. Of course, the probability of a microsatellite marker being polymorphic in a population will vary and depend on the genetic distance between the founding parents of the population.
Many of the microsatellite markers described in this paper have been shown to be polymorphic in several unrelated reference and resource populations and, therefore, it is expected that they will have wide utility. Unfortunately, only about 66% of the markers were polymorphic in any single population. Therefore, it is expected that a useful reference map will require almost twice as many microsatellite markers than are actually needed for the analysis of any given cross. In fact, an even more dense map will be needed to account for the problem of uneven marker spacing.
Current Status of the Chicken Genetic Map
To develop our latest version of the genetic map, all the markers previously published (Khatib et al, 1993; Levin et al, 1993; Burt, 1994a,b; Cheng and Crittenden, 1994; Crooijmans et al, 1994; Levin et al, 1994a,b) plus all the new markers herein described were resolved into linkage groups using the software programs, Map Manager and MAPMAKER. Figure 1 displays our current genetic map. Of the 273 markers, 243 markers could be placed into 32 linkage groups (see Table 7 ).
The size of the linkage groups ranged from 0 to 306 cM; the total map coverage within the linkage groups is 1,402 cM. The average spacing between distinct loci is 6.7 cM. The map saturation is good; 74% of the intervals between two adjacent markers are less than 10 cM.
Particular attention was made to ensure the correct order of the genetic markers in each linkage group. Two different software programs, Map Manager and MAP-MAKER, were utilized to generate separate maps. In Map Manager, which employs two-point linkage analysis, efforts were made to minimize the number of double recombinants within any one BQ progeny. In MAPMAKER, marker order was first determined by three-point analysis followed by multi-point analysis. In comparing the two maps made by the different software programs, approximately 10% of the genetic markers had discrepancies in locus order. However, under the conditions of our analyses, MAPMAKER had greater stringency levels in the analysis for ordering markers; therefore, the marker order that we present is derived from the MAP-MAKER software program. Despite the deficiencies of Map Manager, it is a convenient and fast software program to organize marker data, as well as incorporate ancillary comments and references. Furthermore, data from the Map Manager software program can be formatted for subsequent analysis in MAPMAKER.
Both Map Manager and MAPMAKER can be used to identify genetic markers with potential mistypings. Mistakes in genotyping the reference population are expected given the number of genetic markers, the types of genetic markers used, and the number of different laboratories adding markers. An advantage of using microsatellite markers on an automated machine is that the data can be quickly called up on the computer and reanalyzed. After checking our genetic markers for possible errors, the percentage error for our genetic map was .47% per typing (LOD error > 1), which compares favorably with genetic maps from other species [e.g., human, Dracopoli et al. (1991) , Paterson (1991) ; mouse, Dietrich et al. (1992) ; honey bee, Hunt and Page (1995) ]. Even with our extra efforts to ensure correct genotyping and proper gene order, three genetic markers (EAP, MCW6, and MSU84) could not be placed. Interestingly, all of these markers were placed in the E02 linkage group but could not be ordered.
When comparing our original map (Levin et al., 1994b) to our current map, several changes have occurred. The addition of new markers has enabled the joining of several linkage groups. Also, our more stringent linkage analysis conditions has unlinked some markers that were previously identified as linked. Thus, linkage distinct loci is 13.6 cM with a range of 0 to 56 cM. If the unlinked markers are included, -2,550 cM of the chicken genome is within 20 cM of at least one microsatellite marker (assumes 20 cM of flanking DNA on both ends of each linkage group). Although significant progress has been made with regard to increasing the utility of the chicken genetic map, further efforts to map additional microsatellites are needed. Therefore, an additional 150 or more microsatellites will be isolated with the hopes of mapping up to 100 more genetic markers. Other groups are involved in developing microsatellite markers and it is hoped that within two years, the chicken genetic map will contain > 400 microsatellite markers which will mean that there will be a microsatellite marker every 6 cM on average.
Besides mapping new microsatellite markers, several markers were identified that are polymorphic in one or more resource population, yet cannot be mapped (i.e., are not polymorphic) in either of the two reference populations. To address this unique situation, in a small study, we have found that among 10 microsatellites that did not exhibit a length polymorphism, 4 microsatellites were polymorphic by singlestrand conformation polymorphism (SSCP) analysis (data not shown). Thus, several microsatellites that we were unable to map using our current procedures may be mapped using SSCP.
Efforts are underway to join the EL genetic map with the C genetic map to generate a consensus map. By mapping the microsatellites that are polymorphic in the C population, we will add up to 48 new loci that are in common between both maps. Most of the microsatellites that can be placed on the Compton map already exist on the EL map, thus, the consensus map will not have significantly more microsatellite markers mapped. However, the consensus map will help tie together many linkage groups that are currently unlinked, thereby effectively increasing the coverage and utility. Furthermore, the consensus map will include at least 100 new markers that have already been placed in the EL genetic map but not reported here.
In conclusion, the chicken is an ideal domestic animal for identifying QTL for a variety of reasons. Some of these reasons are that the chicken has a short generation time, large families can be rapidly generated, selected lines are available for many traits, and controlled environments limit the influence of environmental variation. To take advantage of these characteristics, a genetic map comprised of high-utility markers is necessary. Also, advances in linking the genetic map with a comprehensive physical map of the chicken and information-rich genetic maps from other species are needed.
